ABSTRACT This paper focuses on the load frequency control (LFC) for a multi-area interconnected microgrid power system with the introduction of communication networks, a robust sliding mode control strategy based on the adaptive event-triggered mechanism is proposed against the frequency deviation caused by power unbalance or time delays. First, a three-area power system attached to renewable energies and energy storage is considered, the corresponding LFC model is established. Second, the networked control is introduced into the LFC scheme, and the adaptive trigger mechanism which can adaptively adjust the event-triggered threshold is designed to improve the data transmission efficiency, the LFC scheme with network induced delays is formulated. Third, the Luenberger observer is designed to estimate the state errors and to facilitate the design of the sliding surface, the overall closed-loop system asymptotically stable and robust performance are analyzed by solving linear matrix inequalities. Then the control law is proved that the system state trajectory can be driven into the designed sliding surface in a limited time. Finally, some simulation experiments are given, and the results show that the proposed method is effective and has excellent robust performance.
I. INTRODUCTION
The load frequency control (LFC), as an important role in the power system, not only brings the frequency deviation to zero when the system is disturbed, but also ensures the exchange power on the tie-line between the interconnected power systems remains at the reference value. In the modern microgrid power system, the renewable energies and energy storage units are massively employed to reduce the energy consumption and enhance the energy utilization efficiency. Inevitably, some disturbance factors, which are directly affected by the environment, such as wind or solar, are also introduced into the power system, and greatly increase the difficulty and complexity of the load frequency control. [1] - [5] Meanwhile, with the application of computer-based communication technology in the modern power system, the time delays and data loss are ineluctable in data transmission process, which
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seriously destroy the stable operation of microgrids. Therefore, higher levels for LFC are required for the multi-area interconnected power systems.
Massive of work about the LFC strategy have been done by relevant experts. The Proportion-Integral-Differential (PID) methods, due to its simple structure and low-cost maintenance, are first utilized to deal with LFC problem [6] , [7] . The Particle Swarm Optimization (PSO) [8] , [9] and Differential Evolution (DE) [10] are employed to select the PID controller parameters, which can greatly enhance the design efficiency and the robust performance of the controller. In [11] , [12] , the fuzzy PID controller for LFC is designed to improve the PID robust performance. In [13] , a novel variable universe fuzzy logic method is proposed to improve the control accuracy.
In order to guarantee that the controller has better robust stability and robust performance, the advanced control methods based on modern control theory are researched to design load frequency controllers. In [14] - [16] the LFC controller based on H∞ robust control is investigated. In [17] , the robust load frequency controller considered the H2-norm index and H∞-norm index is proposed. In [18] - [20] , the load frequency controller based on robust µ-synthesis theory is presented. The controllers designed by robust control theory have strong robust stability and excellent robust performance, but the orders of the controller are too high, and difficulty to realization. In [21] - [24] , the sliding mode control (SMC) is proposed to design as the load frequency controllers, and the controllers obtained by SMC are convenient to design. In [25] - [27] , the higher order sliding mode control strategy is proposed to reduce the chattering phenomenon.
With the development of computer-based communication technology, the networked control scheme is introduced into the modern power system to implement signal transmission and data communication. In the scheme, the time delays and data loss are ineluctable and eventually bring the frequency deviation. The works mentioned above did not research the problem deeply, or simplified the time-delays as a constant during the modeling process, but this treatment is not precise enough. Traditionally, the data transmission in the networked scheme is periodic, the data sampled and transmitted at a fixed time interval. For this, massive of sampled data need to be calculated, and cause huge of unnecessary storage space and energy consumption. The event-triggered mechanism is proposed, which can greatly reduce the transmitted data and reduce the energy consumption. Meanwhile considering the limitation of communication bandwidth, the event-triggered control is a more reasonable data communication method in networked control scheme. In [30] , a event-triggered load frequency controller with adaptive dynamic programming is proposed. In [31] , [32] proposes an adaptive event-triggered robust load frequency controller. In [33] , for the hybrid microgrid, an event-triggered load frequency control based on linear matrix inequality is proposed. In [34] , an event-triggered load frequency controller based on sliding mode control is researched for multi-area interconnected power grid.
Based on the above analysis, in this paper, a novel eventtriggered controller based on sliding mode state observer is proposed. The main contribution of the work include as follow. Firstly, the time delays in the transmission process are modeled as the networked induced-delays, the load frequency control state space model with the time delays are established. Secondly, the adaptively event-triggered mechanism is improved to reduce the data transmission package loss by changing the trigger threshold under the premise of ensuring control performance. Thirdly, the event triggered based sliding mode state observer is proposed, and the overall closed-loop system robust stability and robust performance are analyzed by solving LMI. The reachability of the sliding surface is analyzed.
The rest of the paper is organized as follow. In Section II, the linear state space model of load frequency control is established. In Section III, the improved trigger mechanism of event-triggered control is described, and the plant model with induced-delays is given. In Section IV, the eventtriggered controller based on sliding mode state observer is designed and the robust performance is proved. Section V, the effectiveness of the proposed method is tested through Matlab/Simulink, and in Section VI, the conclusions are declared.
II. MODEL DESCRIPTION
The multi-area interconnected microgrid system researched in this paper is a three-area power system, assumed that each subarea in the system consists of diesel generator (DG), wind turbine (WT), solar photovoltaic (PV), battery storage and load, the simplified schematic of subarea is shown as Fig.1 , Actually, the power system is a complex system with nonlinear features. During steady operation, the active power change is usually slow, thus, without loss of generality, the dynamic of LFC scheme can be presented by linear equations. The dynamic model of diesel generator can be referred as [31] , [33] , [34] . First-order dynamic model for the renewable energies and energy storage are sufficient for analysis the LFC problem [18] , [35] . Due to the power generated from wind turbine and photovoltaic panel are deeply depended on the weather, it can be regard as the disturbance. The load frequency control framework is presented in Fig.2 .
The meanings of the symbols are listed in Tab.1. In the figure, the area control error ACE is defined as the linear combination of tie-line power deviation and frequency deviation, expressed as (1) . The aiming of the load frequency control is to remain the frequency stable and bring the tie-line power deviation to zero when the system disturbance is occurred.
and the linear state space model of load frequency control can be written as:
where 
The meanings of the symbols are listed in Table 1 . The tie-line power flow of the multi-area interconnected power system is satisfied as
For the system expressed as (2), the state feedback control law is given
where, K is the Feedback gain matrix. It is assumed that the matrix B is full column rank, (A,B) is controllable, and (A,C) is observable. The system disturbance ω(t) is norm-bounded, and satisfied that ω(t) ≤ ζ (t), where, ζ (t) is a known function.
III. ADAPTIVE EVENT-TRIGGERED MECHANISM
In this section, the improved adaptive event-triggered scheme is introduced, the event-triggered load frequency model considered time delays is established.
A. ADAPTIVE EVENT-TRIGGERED CONDITION
The networked control scheme with the designed controller based on event-triggered is presented as Fig.3 . In the figure, the sampled data transfer or not is determined by the given event-triggered condition. By this mechanism, it can greatly reduce the transmission data and saving the battery energy of the communication equipment.
In the figure, the sampler is utilized to sample the continuous outputs y(t) periodically with a sampling period T . Denote the current discretized sequence y(iT), (i = 0, 1, 2, . . .). The event trigger is utilized to judge that whether the current data is satisfied the trigger condition what set in advance, if the condition is met, then the data is transmitted. The latest transmitted sequence is denoted as
The zero-order holder transmits the current data to the controller to obtain a new control law. The event-triggered condition is:
where, e 1 = |y
is the weighting matrix with appropriate dimension, and to be designed later. δ ∈ (0, 1) is the trigger parameter. As a given constant in (5), the trigger condition is also fixed, which means that the system trigger threshold cannot be adjusted adaptively according to the current error, and still many unnecessary data to be transmitted. For that, an adaptive event-triggering mechanism is adopted to adjust the threshold according to the current disturbance condition: [31] 
where, α, β >0 is the given parameters, δ m is the lower bound of δ(i k T ), δ m ∈ (0, 1). Let the initial value δ(0) = δ m at the initial time k = 0. Remark 1: Denote X s ={0, T , 2T , . . .,iT} is the sampling time set, X t ={0, i 1 T , i 2 T , . . . , i k T } is the triggering time set. By (5) and (6), X t is a subset of X s , X t ⊆ X s . And specially, if the sets X t and X s is satisfied X t = X s , i.e., all of the sampled data are transmitted under the current triggering conditions, the event triggering mechanism is equivalent to the periodic time triggering mechanism.
Remark 2:
The value of δ in (5) reflects the trigger rate of the designed trigger mechanism. The larger the δ value, the smaller the trigger rate. And compared with (5), the eventtriggered condition (6) has the ability to adaptively adjust the trigger parameter δ.
Particularly, if δ m = 0 and α = 0, the adaptive event-triggered condition is equivalent to the event-triggered condition.
B. MODELING OF EVENT-TRIGGERED SYSTEM
Considering the time delay τ sc , τ ca in the data transmitting process, defining the induced-delay of the networked control
, τ M and τ m respectively present the maximum value and the minimum value of the induced-delay, so the time interval of the date transmitted from the event-trigger to the controller is t k = τ k + i k T . After the control law is updated in the controller, the control signal is transmitted to the zero-order holder, the updating time set of the zero-order holder is denoted as X z ={t k |k = 0, 1, 2, . . . }. Defined the ε k = i k+1 − i k −1, the time interval of the zero-order holder is divided into:
where
Defined the time-delayed function:
Obviously, the time-delayed function γ (t) is a piecewise linear function with its derivativeγ (t) = 1, and satisfied that
Define the error function e y (t) = y(
Remark 3: From the time-delayed function γ (t), it can be seen that if there is no time-delayed in the system, or the timedelayed is small enough to be ignored, i.e., τ m = τ M = 0, the upper bound of η 2 is the maximum sampling period under the premise of system stability.
Considering the characteristic of the zero-order holder, the control signal in the state feedback controller, expressed in (4), can be written as:
Take (10)- (12) into (2), the interconnected microgrid time-delayed load frequency control model based on eventtriggered can be rewritten as:
The initial function of system state x 0 (t) = L(t), t ∈ (−η 2 ,0), where, L(t) is a continuous function on (−η 2 ,0). The function γ (t) is determined by the sampling period T and the range of induced-delay τ k .
IV. MAIN RESULTS ON EVENT-TRIGGERED SLIDING MODE CONTROL DESIGN
In this section, firstly, the robust observer is designed, and the sliding mode is presented. Then, the stability of closedloop system is proved by Lyapunov theory. The reachability of sliding motion is verified at last.
Lemma 1: For a given symmetric matrix S
where, S 11 is r × r dimensional matrix, S 11 = S T 11 , S 22 = S T 22 , S 12 = S T 21 ,The three conditions followed are equivalent:
Based on the measurement output y(t), t ∈[t k , t k+1 ), k = 0, 1, 2, . . . The state observer is designed as follow:
where, L is the observer gain, determined by linear matrix inequality.x(t) is the estimated state matrix andŷ(t) is the estimated measurement output matrix. From the error function, it can be rewritten as
Substituting (10) into (15), it follows that
Considered the error function and the time-delayed function, the event-triggered condition (6) can be expressed as:
+ e y (t)) y(t − γ (t) + e y (t)) (17) Substituting (16) into (14), it follows thaṫ
where, ex(t) is the estimated state error function. Defined the system state errorx(t) = x(t) −x(t), the dynamic function of the system state error can be expressed aṡ
x(t) = Ax(t) − LCx(t − γ (t)) + L[e y (t) + y(t − γ (t)) − Cex(t)] + B w ω(t) (19)
Based on the state observer function, the sliding surface is designed as follow: (20) where, G is the pre-designed matrix, given in Theorem 1, and satisfied that GB is nonsingular matrix Taking the derivative of s(t):
Substituting (14) into (21):
s(t) = GBu(t)−GBKx(t)+GL[e y (t) +y(t −γ (t)) − Cex(t)]
Thus, the equivalent control u eq (t) can be obtained by settinġ s(t) = 0:
Substituting (23) into (18), the state observer function can be rewritten as:
B. ROBUST STABILITY ANALYSIS
In this part, the necessary and sufficient conditions for the asymptotic stability of the closed-loop system are given by Lyapunov theory and linear matrix inequality (LMI) method. (19) and (24), the augmented matrix of the overall networked control system can be formulated as:
The robust stability of (25) is given in Theorem 1. Theorem 1: For given scalars T >0, τ M > τ m >0, γ >0, the real matrix K R m×n , the gain matrix L R n×p , the system (25) subject to the event-triggered condition (17) is asymptotic stability with an H ∞ performance level γ if there is exist a scalar δ m , real matrices >0, >0, >0, 
Proof: Choose Lyapunov-Krasovskii functional candidate as: (27) where
Taking the time derivative along the trajectory of system (25) yields:
For the integral part inV 14 (t) andV 15 (t), using the Jensen inequality to obtain:
Substituting (25) into (27) , and taking (28), (29) into account, it can be obtained,
Considered the event-triggered condition (17) , it can be obtained,
By using the Lemma 1, if the condition (26) in Theorem 1 is satisfied, then (32) i.e. It can be seen that if <0 is satisfied,V 1 (t) < 0 is also hold. Therefore, the system (23) is asymptotically stable if the condition (26) in Theorem 1 is satisfied, and meets the robust performance level γ .
Remark 4: Compared with the event-triggered mechanism expressed as = I in [37], the free weight matrix >0 in the proposed method enhanced the solvability of the linear matrix inequality condition, where, I represents the unit matrix with the same dimension.
C. REACHABILITY OF THE SLIDING MOTION
Theorem 2: For the given state observer system (14) , the sliding surface is expressed as (21), the real matrix K R m×n , the gain matrix L R n×p , where L = B T , is obtained by solving the LMI in theorem 1, the sliding mode law u(t) can be designed to force the trajectories of system (14) onto the sliding surface s(t) = 0 in a finite time. where
and
Proof: Constructing the following Lyapunov function: the derivative of V (t) can be calculated by:
Obviously,V 2 (t) < 0 for s(t) = 0, this proofs that state trajectory of the system (14) can be forced onto the sliding surface s(t) = 0 in a finite time.
Remark 5: The optimal H ∞ performance level γ can be solved by the following minimum constraint problem:
V. SIMULATION AND ANALYSIS
The proposed load frequency control method is verified by a three-area interconnected microgrid power system, shown as Fig.1 . The system parameters are listed in Table 2 . According to β i =1/R i + D i , it can be calculated:
In order to guarantee that (GB) By solving the LMI in Theorem 1, it can be obtained that the H ∞ performance level γ = 113, and satisfied γ >0 in the Theorem1, which implied that the proposed controller has excellent robust performance and robust stability. Also the following results are obtained: And the matrix = diag{ 1 , 2 , 3 }, as shown at the top of the next page. Fig. 4 shows the sliding mode trajectory s(t) in (20) and the control input signal u(t) of AREA1 by step disturbance. It can be seen that the sliding mode trajectory can be forced onto the sliding surface s(t) = 0 in a finite time.
Assumed that in the interconnected power system, the disturbance power, caused by the load power change and the renewable energies output power change, is occurred in AREA1, and the disturbance power magnitude is shown as Fig. 5 .
The system state responses are shown as Fig.6 . From the figure, it can be seen that when the system is disturbed by the disturbance power, the dynamic outputs of each area are changed. The frequency can quickly return to the stable state in about 10s. And also can be seen that the disturbance power disturb the AREA2 and AREA3 by the tie-line, and caused the frequency deviation. The tie-line power deviation and ACE signal deviation are taken to zero in a short time. Due to the disturbance is occurred in AREA1, so the control action in AREA1 is frequently than the others.
The release intervals are shown in Fig.7 . From the figure, the triggered times is more than 300 at δ m = 0.01. From the Figure 6 and Figure 7 , it is illustrated that the proposed event-triggered load frequency sliding mode controller has excellent performance to bring the deviation to zero when the disturbance is happened. Furthermore, assumed δ m = 0.05, the system is disturbed in the same condition, shown as Fig. 5 , and the state responses are shown as Fig. 8 . From the figure, it can be seen that the system dynamic outputs still remain the reasonable and satisfied performance.
The release intervals with δ m = 0.05 is shown as Figure 9 . Compared with the figure 7, it can be seen that the data transmitted with δ m = 0.05 is much less than δ m = 0.01. It is means that the large the δ m is, the longer the release interval holds.
The Fig.10 shows the adaptive variation of δ(t) in (6), it can be seen that trigger parameter δ(t) can dynamically adjusted its value according to the error of the latest transmitted data and the current sampled data at each sampling period.
Assumed that δ m (t) = 0, the release intervals of AREA3 is shown as Fig.11(a) . As a comparison, the release intervals of AREA3 at δ m = 0.05 is picked up from the Fig.9 , and drawn as Fig.11(b) . From the figure, it can be seen that, when δ m (t) = 0, the data are transmitted at each sampling period, The relationship of δ m , trigger times and transmission rate is listed as Tab. 3 .
From the table, it is illustrated that, the higher the value δ m is, the longer the sampled intervals holds, meanwhile the data transmission rate becomes much smaller. Specially, for δ m = 0, from the assumed initial condition in (6) , it has δ(0)= δ m = 0, all of the data obtained at each sample period are transmitted, according to the Remark 2, the sampling time set C s is equal to the triggering time set C t , C t , C t ⊆ C s , the event-triggered condition is equivalent to the periodic time-triggered condition.
VI. CONCLUSIONS
This paper designed a load frequency controller for multiarea interconnected microgrid power system based on event-triggered robust sliding mode observer. A new adaptive event-triggered mechanism is proposed to adaptively adjust the trigger threshold. The dynamic model of load frequency control considered the time-delay is established. The sliding mode state observer with integral sliding surface is designed. Based on the Lyapunov theory, the overall closed-loop robust performance index is obtained by solving the linear matrix inequality. The control law is given and the state trajectories of each sub-system can be driven onto the sliding surface in a limited time. Finally, the feasibility and effectiveness of the proposed controller are verified by the designed experiments.
